INTRODUCTION
Chlorosomes, which function as light harvesters in green photosynthetic bacteria, are oblong bodies attached to the inner side of the cytoplasmic membrane (1, 2) . The chlorosomal envelope comprises small proteins, the so-called Csm proteins, and a glycolipid monolayer containing mainly monogalactosyl diglyceride (MGDG); the interior consists of highly aggregated antenna bacteriochlorophyll x, (for short BChlx, with x standing for c, d, or e depending on the species), smaller amounts of monomeric bacteriochlorophyll a (BChla), and carotenoid (Car) pigments. The molecular structures of BChlx are such that BChlx-BChlx interactions alone are sufficient for spontaneous aggregation of these pigments; neither a protein scaffold nor the involvement of other chromophores is needed for assembling an artificial, chlorosome-like aggregate (3) .
Several models for the supramolecular arrangement inside the chlorosomes, envisaging specific interactions, have been put forth (4) (5) (6) . BChla is thought to form a thin layer on the cytoplasmic membrane side, the so-called baseplate, and has been proposed to be associated to the CsmA protein (7) . The baseplate BChla occupies about 1% of the total BChl content in chlorosomes of green photosynthetic bacteria and plays an important role as intermediate in the excitation energy transfer from the chlorosomes to the cytoplasmic membrane-embedded reaction center. Chlorosomes also contain Car's (8, 9) in an amount that depends on bacterial species, light conditions, and growth phase (10) . The BChlx/Car stoichiometric ratio ranges from 3.7/1 to 21/1 in different species of green photosynthetic bacteria (9) (10) (11) . In addition to the light harvesting pigments, chlorosomes contain quinone (Q) molecules, which could act as quenchers of excitation energy in chlorosomes (12) .
Traces of oxidised BChlc radicals have also been detected, and shown to act as quenchers in native and protein-free reconstituted chlorosomes (13) . 5 Different functions have been suggested for the Car's in chlorosomes. The efficiency of singlet energy transfer from Car to BChlc or BChle has been reported to be high in Chloroflexus (Cfl.) aurantiacus (14, 15) , Chlorobium (Chl.) phaeovibrioides (16) and Chl. tepidum (15) , but low in Chl. phaeobacteroides (17) . It has been suggested that Car's participate in photoprotection by partly quenching the BChl triplet state in chlorosomes (18) (19) (20) . However, little is known about the precise location of Car pigments within the chlorosomes. There is a proposal (21, 22) that in chlorosomes of Cfl. aurantiacus, Car's are in the vicinity of BChl's, and might contribute to the attachment of the chlorosomes to the cytoplasmic membrane via the baseplate. Recently, it has been reported (23) that the inhibition of Car biosynthesis, by the addition of 2-hydroxybiphenyl (HBP), affected the BChle Q y spectral properties, as a consequence of a change in the angle between the transition dipole moment and the rod axis. BChla orientation was not altered, despite a partial loss of this pigment and CsmA protein, suggesting that carotenoids might well play a structural role in maintaining the stability of the chlorosomal baseplate.
The aim of this work is to probe the location of Car chromophores within the chlorosomes of Chl. phaeobacteroides, using time-resolved, nanosecond laser kinetic spectroscopy, a technique that has already yielded much useful information on Car-BChl interactions in chlorosomes of Cfl. aurantiacus and Chl. tepidum (15) . By comparing laser-induced changes in the absorbance of control chlorosomes, Car-depleted chlorosomes, and artificial aggregates of BChle, we draw some conclusions concerning the spatial arrangement of chlorosomal pigments. In what follows, the electronic state (ground singlet, lowest triplet, or first excited singlet), of a pigment will be specified by the addition of a superscript (a zero, a dagger, or an asterisk respectively); furthermore, the abbreviation Pyr will denote a chlorophyll (Chl) or a Chl-like pigment. 6 
MATERIALS AND METHODS

Growth conditions and chlorosome isolation. Chl. phaeobacteroides strain CL1401
was grown in standard Pfennig mineral medium (24) . Cells were harvested at the beginning of the stationary phase by centrifugation and chlorosomes of Chl.
phaeobacteroides were isolated on sucrose gradient prepared in 50 mM Tris-HCl pH 8.0 and 2 M NaSCN (25) . A further purification step was carried out using flotation sucrose gradient (26) . Inhibition of Car biosynthesis by the addition of HBP and isolation of Cardepleted chlorosomes have been described in a recent publication (23) . Chlorosomes were pooled and stored at -80º C.
Artificial aggregates. BChle was purified by HPLC (27) Absorption spectroscopy. Absorption spectra of chlorosome preparations or artificial aggregates were recorded by using a commercial scanning spectrophotometer (Shimadzu Model UV-160A). The spectral bandwidth of the measuring beam was 2 nm, and the absorbance values were sampled every 1.0 nm. Nanosecond laser-kinetic spectroscopy. Laser-induced changes in the absorbance of a sample were recorded in the manner described previously (29, 30) . Two measurements of the intensity of the monitoring beam after its passage through the sample are needed: one, denoted by ) (λ I , refers to an un-irradiated sample, while the other denoted by ) ; ( t I λ , is the intensity at time t after the sample has been irradiated by a sufficiently short-lived laser pulse. In what follows, the symbols ) (λ A and ) ; ( t A λ will denote the corresponding values of the absorbance, and the optical path length will be denoted by the symbol .
The intensity data were used for calculating the photo-induced change in the absorbance of the sample,
The difference spectra reported here were recorded by means of a multi-channel nanosecond laser flash spectrometer (with a right angle geometry), which has been described earlier in more detail (29) . The excitation pulse (with a duration of about 7 ns and an energy of 5-10 mJ) was derived from an optical parametric oscillator pumped by the third harmonic of a Nd:YAG laser. A 250 W xenon arc lamp and a mechanical chopper provided the analyzing beam. A gated optical multichannel analyzer (with a linear dispersion of 0.6 nm per channel) served as the spectrophotometer; with an array of 512 sensing elements (or channels), a single spectrum covers a wavelength interval just over 300 nm wide. For the spectra reported here, the excitation wavelength was tuned to 518 nm, the gate width was held at 20 ns, the delay between the excitation pulse and the opening of the observation window was varied between 100 ns and 5μs, and each timeresolved spectrum represents an average of 2048 spectra. Care was taken to ensure that non-linearities resulting from biphotonic processes could be ignored in the analysis of the spectra reported here. 8 The concentration of oxygen (an efficient quencher of triplets) was lowered by directing a stream of high-purity argon at the sample surface 10 min prior and during the TmS measurement; the flow of argon was adjusted until it caused a visible depression on the surface without resulting in bubble formation; these conditions are referred to "nonreducing conditions". "Reducing conditions" were obtained by adding a known aliquot of 1 M sodium dithionite to get a final concentration of 15-20 mM in the cuvette. After a measurement under reducing conditions, the sodium dithionite absorbance was recorded in the 300-320 nm region to check that the total amount present during the whole experiment remained high enough to maintain reducing conditions.
RESULTS AND DISCUSSION
In the first part of this section absorption spectra of chlorosomes and of artificial aggregates are compared with each other and with previously published absorption spectra of closely related systems; laser-induced changes in these absorption spectra are analyzed in the next subsection.
Absorption spectra
, the absorption spectra of artificial aggregates and control chlorosomes, respectively. It is customary to normalize a pair of such spectra at the Q y peak of BChlx (13, 28) even though the wavelengths of the Q y maxima in the two preparations usually do not coincide; our reason for choosing a different normalization will become apparent shortly. In the case of artificial aggregates of BChle, reproducible results could be obtained only when MGDG was present in the buffer. 
The laser-induced change in absorbance can therefore be expressed as
One sees from Eq. (2) that if one is investigating a homogeneous solution, the difference
will have a positive contribution, made by the photogenerated triplets, and a negative contribution, representing the attendant depopulation of the ground state; hence the name triplet-minus-singlet spectrum. It also follows from Eq. (33) . Since the change in the absorbance is brought about by a change in the environment of the absorbing entity, and lasts only as long as the labile photoproduct which causes the perturbation, we will refer to this effect as transient environment-induced perturbation.
The first step in our investigation of triplet species consisted of recording the laserinduced changes in the absorbance of the simplest system, namely artificial aggregates of BChle. The aggregates, prepared by using pure BChle and MGDG, should be regarded as artificial aggregates under non-reducing conditions. Figure 2 shows the laser-induced changes (in the 450-800 nm region) in the absorbance of the sample at two delays. The shape of the difference spectrum was found to be independent of the delay time, and the signal decreased by more than a factor of two within 1 μs (data not shown). No significant changes could be seen when the conditions were changed from non-reducing to reducing.
The spectrum in Fig. 2 , reminiscent of the first derivative of an absorption spectrum, can be easily mimicked by assuming that it is essentially a difference of two spectra, ) ( The spectra of chlorosomes containing BChlc (22) and of the above mentioned meso,meso-linked porphyrin arrays (31) have been found to display strong electrochromism, and the changes in the absorbance of BChle recorded by us might well be induced by ionic photoproducts; however, the identification of the photoproduct which 13 causes the perturbation must await further work, particularly the measurement of the Stark spectra of artificial aggregates. At present, we will simply denote the unidentified perturber by the symbol BChle ⊗ . Figure 4 shows the difference spectra (in the 510-820 nm range) of control chlorosomes under reducing conditions. The positive peak centered at 535 nm bespeaks the presence of Car triplets. In addition to this, two signals are seen in the Q y regions of BChle and BChla.
Since the former signal is similar to that observed in the difference spectrum of artificial aggregates of BChle, it may be interpreted likewise, and needs no further explanation. As can be seen from Fig. 4 , the shape of the difference spectrum ΔA(λ; t) changes with the delay time. During an interval of 0.5 μs, the TmS signal of the Car and the negative peak of BChla showed no perceptible change, but the amplitude of the BChle signal diminished by more than a factor of two. The sub-μs decay of the BChle signal seems to be independent of the presence of Car's and is similar to that observed in artificial aggregates of BChle (Fig. 2) and in Car-depleted chlorosomes under reducing conditions (see Fig. 5 ).
The magnitude of the negative signal in the neighborhood of 795 nm (the Q y region of BChla) decays in proportion to that of the 535 nm Car peak, and it can therefore be labeled as ) ( y Q A Δ and attributed to Car † -induced perturbation. BChla pigments can form triplets, one would be led to conclude that every BChla must be in van der Waals contact with a Car.
In the absence of a signal that can be unambiguously attributed to BChle triplets, we can only discuss various possibilities and their consequences. In the first place, the triplet yield may be too low to give rise to a detectable signal. Secondly, triplet lifetime may be much shorter than 100 ns, the shortest delay used in our studies. Thirdly, the photoproduct which has been labeled BChle ⊗ may in fact be BChle † , which again implies that the triplet lifetime is in the sub-μs range, appreciably shorter than the value (a few hundred μs) noted for the lifetime of monomeric BChl's in organic solvents (34, 35) . All in all, this reasoning leads one to conclude that BChle does not require any photoprotection. It is most likely that the triplet yield is rather low, due to efficient quenching of chlorosomal BChle* (36), and the few triplets which are formed undergo rapid migration and are quenched by a ground state molecule, another triplet, or a radical ion (15), and are therefore less susceptible (than a monomeric BChl † which is not adjacent to a quencher) to quenching by molecular oxygen. Using a very sensitive instrument with a newly developed near-infrared sensitive photomultiplier (Hamamatsu R5509-42), we tried but failed to observe singlet oxygen luminescence from our samples (unpublished data). The failure is entirely in keeping with our conclusion concerning the low yield and the short lifetime of BChle triplets in aggregated systems. 16 It has recently been reported (15) that the height of the Car peak in chlorosomes of Chl. tepidum and Cfl. aurantiacus does not change when one goes from reducing to nonreducing conditions (whereas the fluorescence yield suffers a noticeable reduction). A comparison of Figs. 4 and 6 shows that the Car 1 T T n ← peak at 535 nm happens to be about 30% higher under non-reducing conditions. Some suggestions have already been advanced to account for the unexpectedly high triplet Car yield in non-reducing conditions (33); here we would like to propose one other possibility. Since these systems contain not only BChle but also Car's and quinones, it is not inconceivable that Car triplets may be produced as a result of charge recombination in a manner analogous to that demonstrated for a Car-Pyr-Fullerene triad (37) . Further work is needed to see whether the following mechanism makes any contribution to the production of Car triplets in chlorosomes:
We conclude by reiterating the main results of this study. The spectra presented above have shown that the lifetime of chlorosomal BChle triplets is so short that formation of singlet oxygen through quenching of these triplet cannot present a serious threat to the chlorosomes, and that Car's are able to protect baseplate BChla monomers. Arellano et al.
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